Objective: Assessing energy expenditure (EE) is important for the control of obesity. Daily step counts have become popular and constitute one practical technique for evaluating the physical activity (PA) in large population studies. However, information on the capacity of pedometers to track EE in free-living conditions remains scanty. Subjects and methods: The 24-h EE of 71 healthy adults was measured by indirect calorimetry in a large respiratory chamber. Two accelerometers were attached to the waist, one for counting the total daily steps (ACC STEP ) and another for measuring the anteroposterior whole body acceleration calculated as the root mean square of the acceleration signal at every second (ACC RMS ). Results: The ACC STEP was not associated with PA-related EE (PAEE) or 24-h EE. Body weight (BW) was the main determinant of both the values (explaining 30 and 75% of the variance, respectively). Approximately 8% (Po0.001) of the variance in PAEE was attributed to the ACC RMS after BW was accounted for, whereas the ACC STEP did not explain any additional variance. A multiple stepwise regression analysis revealed that BW, height and ACC RMS were highly significant determinants of 24-h EE and accounted for as much as 83% of the total variance. Conclusions: Recording the number of steps per day does not provide accurate information on EE, and at best is only a crude predictor of the general PA in terms of displacement. In contrast, accelerometry signals are considered to be a more meaningful factor in the assessment of EE rather than step counts under sedentary conditions.
Introduction
Obesity is associated with metabolic syndrome, and in many individuals ultimately leads to type 2 diabetes, arteriosclerosis, cardiovascular disease and cerebral infarction. It is mainly caused by a chronic positive energy imbalance associated with a modern lifestyle, that is an overly rich diet combined with a low level of physical activity (PA) (a dominance of sedentary activities). Consequently, the control of obesity (weight reduction) based on energy balance management represents an important approach to risk reduction in relation to these chronic diseases. The evaluation of the total daily energy expenditure (TEE) of individuals is an essential strategy to maximize the effect of weight control approaches. TEE is composed of the basal energy expenditure as the largest constituent, diet-induced thermogenesis and PA-related energy expenditure (PAEE), the latter being regarded as the most variable constituent. A recent consensus statement on obesity management (Saris et al., 2003) has proposed a target PA level to prevent the transition to overweight and the development of obesity. Another expert committee has emphasized the importance of PA for weight loss and prevention of weight regain (Donnelly et al., 2009) . Commonly, a quantitative target (intensity and duration) of PA has been proposed for the achievement of goals for obesity and its related disease management. An alternative way to quantify the PA level (PAL) from the energy expenditure (EE) data is to express TEE as a multiple of basal EE to assess the volume (intensity Â duration) of PA excluding the effect of body size. An objective, practical and unobtrusive way to assess PAEE and/or TEE, expressed as units of EE (that is, kilojoule or kilocalorie), would be helpful in the design of preventive and treatment strategies and the subsequent monitoring of their effects. Basal EE can be estimated with a degree of confidence.
Many usable techniques are available to assess the daily PA, including heart-rate monitoring, surveys and motion sensors, including pedometers, accelerometers and global positioning systems. Both accelerometers and pedometers are especially regarded as practical non-invasive tools suitable for use in real-life conditions. These devices can objectively assess activity and are relatively simple to operate. Also, they are small enough not to restrict PA (Kumahara et al., 2006) .
The assessment of step counts using pedometers has become very popular and may constitute a practical technique for the evaluation of PA in large population studies, to rank individuals more specifically in terms of their general ambulatory activity (Sequeira et al., 1995; Chan et al., 2003) , and for use as an alternative standard for the PA recommendations (Tudor-Locke and Bassett, 2004) , for example, 10 000 steps per day. Many studies (Yamanouchi et al., 1995; Iwane et al., 2000; Swartz et al., 2003) have also indicated that counting the total number of steps by using a pedometer has the advantages of being low-cost and simple to use, and over the course of a day may constitute a meaningful index of PA in intervention trials.
However, information on the capacity of pedometers to track EE in free-living conditions is scanty. Two studies have reported no significant correlation with PAEE in female subjects (Fogelholm et al., 1998; Leenders et al., 2001) , whereas another study comparing pedometer counts (steps per day) with PAEE measured by the doubly labeled water technique in elderly claudicants reported a significant variance in PAEE (Gardner and Poehlman, 1998) . Therefore, validation of pedometers for the assessment of EE in freeliving conditions in adults has been insufficient.
Activity monitoring based on the accelerometry technique is a useful method for evaluating PA as it can objectively assess activity pattern (that is, PA intensity and duration) and EE can be estimated using internal algorithms. Numerous accelerometers are available and have been validated in previous studies (Bouten et al., 1994; Nichols et al., 1999; Leenders et al., 2001; Rafamantanantsoa et al., 2002; Kumahara et al., 2004a,c) . Despite being a challenging modality, accelerometry is considered useful for the assessment of daily PAEE.
The purpose of this study was to determine whether the total number of steps can estimate EE over a 24-h period against the criterion EE, as measured by the respiratory technique, and to explore the contribution of accelerometry as an alternative technique for PA research.
Subjects and methods
Subjects Seventy-one (43 females and 28 males) healthy Japanese (35 females and 19 males) and Caucasian (8 females and 9 males) subjects were recruited for this study. After the experiment was explained, each subject signed an informed consent statement approved by the Ethics Committee of the University of Lausanne.
The physical characteristics of the subjects are described in Table 1 . The following measurements were performed at least 3 h after a standardized very light breakfast (or after an overnight fast). The body weight (in kg to the nearest 0.1 kg) was measured with a reliable balance beam scale while participants were wearing underwear only and no shoes. The body height (in cm to the nearest 0.1 cm) was measured with a portable wall-mounting height scale with a measuring slide and a heel plate. The percentage of body fat was assessed using the skinfold technique and a bioelectrical impedance (arm-to-arm) (Omron model-HBF-302, Omron Hatsusaka, Tokyo, Japan), also the air displacement plethysmography method (Bodpod, Life Measurement, Concord, CA, USA) (Fields et al., 2002) . Percent body fat evaluations by the earlier two methods were carried out as previously described (Kumahara et al., 2004a) . In the air displacement plethysmography method, body volume was assessed using the estimated thoracic gas volume and the percent body fat was then calculated by using Brozek's equation. However, seven subjects could not be assessed using this method. The average value of all methods was used as the representative value.
Study design and materials
The respiratory chamber constitutes an accurate method for quantifying the energy components and substrate utilization under controlled conditions (Jequier and Schutz, 1983) . Freeliving activities can be mimicked using additional exercises such as walking on a treadmill. Recent studies (Snitker et al., 2001; Westerterp and Kester, 2003) have indicated that information on the spontaneous PA level in the chamber could accurately simulate the level of PA in real life.
The 24-h EE of participants was measured in a large respiratory chamber (a floor surface area of 13 m 2 and a volume of 31 m 3 ) (Jequier and Schutz, 1983 ) with a standardized protocol as described earlier (Kumahara et al., 2004a) . In brief, during the test, the subjects were unrestrained in their choice of activities, excluding a controlled Steps count and energy expenditure assessment H Kumahara et al sleeping period (for 8 h). Two walking activities on a horizontal motor-driven treadmill (3.9 and 5.1 km/h, 30 min each) were scheduled. Activities undertaken in the chamber included watching TV, reading, deskwork, washing, hobby-like activities and walking around. The sleeping metabolic rate was averaged from data when sleeping over a 6-h interval with confirmation of no body movement by a radar system based on the Doppler principle. The subjects ingested standardized meals according to the estimated energy balance. The energy intake was not significantly different from the 24-h EE measured in the chamber, that is 8695 (1214) vs 8742 (1422) kJ/d, P ¼ 0.591. During the daytime period (approximately 16 h), the subjects wore two instruments to assess the whole body acceleration associated with physical activities and to measure the number of steps taken, respectively.
Measurement of the acceleration of body movement
During the daytime period, the subjects wore a selfcontained activity monitor, which has a uniaxial (anteroposterior axis) accelerometer (ADXL05, Analog Devices, Norwood, MA, USA) measuring À5-þ 5 G on board (Schutz et al., 2002) . In short, the accelerometer is mounted on a small board sewn onto a belt and connected to the data logger (Tattletale Model 5F, Onset Computer, Pocaset, MA, USA) with an extensible cable. The logger is a small, light, programmable, multi-channel logger with a display and it samples the accelerometric signal at 40 Hz. The root mean square (RMS) value of the raw signal (unit is G: 1 G is equal to earth gravity acceleration) is calculated each second and stored in the memory of the logger. Next, the average of RMS acceleration of the given duration (approximately 16 h; ACC RMS ) was calculated to assess the whole body movement. The details of this system have been previously described (Schutz et al., 2002) . The difference in the direction of detecting body movement between the accelerometer (anteroposterior axis) and the pedometer (vertical direction; described below) should be highlighted. Considering that the acceleration in the vertical vs anteroposterior directions correlate closely to each other during walking (Herren et al., 1999) , this difference has a negligible effect on comparison of the data.
Determination of the number of steps Daily step counts (steps per day; ACC STEP ) were measured by a validated piezo-electric uniaxial accelerometer (Lifecorder, Suzuken, Nagaya, Japan: size, 6.2 Â 4.6 Â 2.6 cm 3 , 40g) (Rafamantanantsoa et al., 2002; Kumahara et al., 2004a,c) . The accelerometer is designed to estimate daily EE from a subject's characteristics and accelerometry signals due to body movements. The number of steps per day is also determined by the accelerometric signal. The reported margin of error regarding the number of steps was o ± 3% (Schneider et al., , 2004 . Furthermore, this has a superior accuracy of step counting under controlled Schneider et al., 2003) and free-living conditions (Schneider et al., 2004) in comparison with other instruments. The accelerometer was rigidly fixed on the waist in the daytime and during the same period that the self-contained activity monitor recordings were conducted. At the end of the measurement period, the number of daily steps of each subject obtained by the instrument (ACC STEP ) was read from a digital interface to further confirm the stored results.
Data analysis and statistics
The EE values derived from the respiratory chamber expressed as kcal, were converted into kJ using the standard conversion factor, that is, 1.000 kcal ¼ 4.186 kJ.
From the TEE in the chamber, the PAEE was calculated by subtracting basal EE and the thermic effect of food, that is, PAEE ¼ TEEÀ(0.1 Â TEE þ sleeping metabolic rate), where the thermic effect of food was estimated to be 10% of the TEE (Schutz et al., 1984) .
Linear regression analyses were performed for either the measured EE (PAEE and TEE) and activity monitor outputs (ACC RMS and ACC STEP ) or the various anthropometric variables to investigate the ability and contribution for estimating EE in each device. In addition, a multiple stepwise regression analysis was used to investigate the contribution of the measured EE to the five variables, namely age, height, body weight, steps taken and acceleration signal. Next, an analysis was performed to determine the % fat, fat-free mass and fat mass in addition to the previous five variables (total of eight variables). As the measurements of % body fat, fatfree mass and fat mass were generally not provided by simple measurement techniques; Pearson's correlation coefficients (r) as well as product correlation coefficient (r 2 ) were calculated. All statistical analyses were performed by using the StatView software program (version 5.0.1, SAS Institute, Cary, NC, USA). The data were expressed as the mean (s.d.). Statistical significance was set at Po0.05, unless otherwise noted.
Results
The measured TEE averaged 8742 (1422) Steps count and energy expenditure assessment H Kumahara et al Tables 2 and 3 list the correlation coefficients of various anthropometric variables and indices of PA (ACC RMS and ACC STEP ) with PAEE and TEE, respectively.
Body weight was identified as the most powerful single parameter correlated with PAEE. Neither ACC STEP nor ACC RMS was individually correlated with the PAEE, whereas both values multiplied by body weight showed a significant correlation with the latter (Figure 1) . A multiple stepwise regression analysis was performed to investigate the relative contribution of the five variables of age, height, body weight, ACC STEP and ACC RMS in determining PAEE. The results showed that body weight and ACC RMS contributed 38.2% of the variability in PAEE (Table 4) . Furthermore, this contribution was not affected even if the % body fat, fatfree mass and fat mass were added in a stepwise manner, in addition to the earlier five variables (Table 4) .
As shown in Table 3 , the fat-free mass was the highest contributor to TEE, and was slightly higher than the body weight. In a multiple stepwise regression analysis including age, height, body weight, steps taken and RMS acceleration, the three parameters of weight, height and ACC RMS were significant determinants of TEE, accounting for 82.5% of the total variance (Table 4) . When a further analysis was made with the additional three variables of % body fat, fat-free mass and fat mass in addition to the previous five variables, the fat-free mass, fat mass and ACC RMS were all identified to be significant determinants resulting in a variance of 84.8% (Table 4) .
Discussion
These data showed that the total number of steps per day was not a meaningful predictor of the PAEE. When body weight was taken into account, it became a significant predictor but body weight itself had a slightly higher contribution to the variance of the PAEE (Table 2) . Two recent studies reported no significant correlation of the step counts with PAEE in a limited sample size, that is, 20 overweight women (Fogelholm et al., 1998) and 13 healthy women (Leenders et al., 2001) , respectively. However, another study (Gardner and Poehlman, 1998 ) comparing step counts with PAEE, as measured by the doubly labeled water technique in 22 peripheral arterial occlusive disease patients with intermittent claudication, reported the step counts as contributing to variance in the PAEE (38%). The limitation of the use of the step counts under a confined space in performing a regression analysis should be addressed. Specifically, the low correlation coefficient between the step counts and PAEE may be because of the range spectrum observed in the scores. The subjects in this study were clustered with relatively narrower ranges in the step counts (8559 (1305) steps per day; coefficient of variation (CV) ¼ 15.2%) in comparison with earlier studies (9155 (2990) steps per day; CV ¼ 32.7% (Fogelholm et al., 1998) , 6344 (2454) steps per day, CV ¼ 38.7% (Gardner and Poehlman, 1998) ). Though the two studies (Fogelholm et al., 1998; Gardner and Poehlman, 1998) reported a similar variability in the number of steps, these represented inconsistent results as mentioned above.
It is important to note that the conventional simple pedometer, which provides only the total number of steps per day rather than time series data, does not track PA volume (that is, intensity Â duration) and therefore does not provide accurate information on EE estimation. This is consistent with a previous investigation (Thompson et al., 2006) , which suggested that such step counts could not accurately reflect the EE of light-to-moderate intensity activities, which is potentially a large contribution to PAEE in free-living conditions (Levine et al., 1999) , because step counts failed to characterize the difference between high and low EE values. With regard to assessing the energy cost of walking activities using pedometry, if the distance walked (steps Â stride length) as well as the walking duration could be accurately assessed; the accuracy for calculating walking Steps count and energy expenditure assessment H Kumahara et al EE on a horizontal terrain would probably be reasonable. Indeed, the net energy cost of walking per kilogram body weight per unit distance (kcal/kg Â km) does not vary substantially among subjects at habitual walking speeds (Falls and Humphrey, 1976) . However, pedometers do not accurately quantify stride length in estimating the distance Fat-free mass þ Fat mass þ ACC RMS 0.848 2.8 566.5 *** traveled (stride length Â steps), as the length of each stride varies substantially according to the walking speed Schneider et al., 2003) . In addition, Foster et al. (2005) have suggested that the number of steps provides a reliable predictor of walking EE if the steps could be accurately counted. However, the limitation of accurate counting during slow-paced walking has been indicated, especially in a classical spring-levered pedometer Melanson et al., 2004) . Therefore, the step counts by pedometry may not permit the accurate estimation of EE during non-structured walking (across a large range of speed/ discontinuous intermittent non-steady state walking) in freeliving conditions. In contrast, the accelerometer signal can estimate the walking speed using individual calibration between speed and acceleration (Schutz et al., 2002) or by means of a neural network (Herren et al., 1999) . Previous studies have suggested that accelerometers are useful for estimating EE during structured walking at various speeds (Montoye et al., 1983; Bouten et al., 1997; Bussmann et al., 2000) because the intensity and duration of PA make it possible to estimate individual EE. Accelerometers have been more accurate in estimating EE compared with the classical pedometer, but this heavily depends on the commercial model considered as well as the algorithm used to calculate EE (Plasqui and Westerterp, 2007) . The assessment of footground contact times (Tharion et al., 2004) constitutes another technique that provides an estimate of speed and, hence, distance. It is interesting to note that recent studies (Ayabe et al., 2008a; Marshall et al., 2009) have indicated the potential application of step counting to estimate PAEE or the level of PA intensity. When the simple index (steps) is transformed to the stepping rate (steps per minute), which is determined with a short epoch (a high-frequency sampling interval), it is therefore considered to be a useful index for assessing moderate to vigorous intensity PA in free-living conditions.
The key result of this study is that the accelerometry signal made it possible to estimate the EE regardless of the presumably small variation in a subject's physical movement in the room calorimeter. Indeed, the standard errors of estimating TEE and PAEE were quite low when ACC RMS was included in the model (Table 4) . It is also important to point out the possibility that the PAEE could be principally explained by the intensity of the accelerometry signal multiplied by body weight, whereas no meaningful association was observed when the signal was not transformed (Table 2, Figure 1 ). This is expected, as based on the basic physical principle, the variable 'force' can be defined as the object's mass multiplied by acceleration applied to the object's displacement. Schoeller and Jefford (2002) have indicated that PAEE increases in proportion to body weight not only during weight-bearing physical activities (that is, ambulatory activities such as walking and running) but also during sedentary activities. Indeed, a multiple stepwise regression analysis showed that the explained variance of PAEE is significantly improved by 8% when the acceleration is added as a second predictor in addition to body weight (Table 4) . A recent study by Masse et al. (2004) also showed that an accelerometer, which is another manufactured product, attributed to 5% of the variance in the PAEE as measured by the doubly labeled water method after body weight, could be considered a meaningful proportion of the variance.
These results may question whether accelerometry remains a small proportion of the variance in PAEE. This limited contribution could be explained by several factors: first, an inherent limitation of the single waist-worn accelerometer device, as previously indicated (Nichols et al., 1999; Leenders et al., 2001) , that is, the potential difficulty in evaluating the PAEE associated with upper body movements and static exercise. However, whole body trunk movements as evaluated by a waist-worn device, thus indicating the weight-bearing locomotion activities, constitute the major component of PAEE, whereas upper limb movements induce only a smaller EE and are therefore considered to have limited importance in the PAEE (Kumahara et al., 2004b) . Second, the relatively low level of the PA in a confined chamber was a cause. The PAL in the chamber is generally lower than that in free-living conditions, probably because of the limited types and intensity of PA caused by the inherently restricted confined space. Previous studies (Snitker et al., 2001; Westerterp and Kester, 2003) have indicated that the PAL in a confinement situation is significantly correlated with that of habitual free-living conditions, however, it is significantly lower. Indeed, in this study, the PAL was 1.47 (0.11) and PAEE accounted for 22% of the TEE on average, which was regarded as being a sedentary level. Leenders et al. (2001) reported the accelerometry counts to represent from 20 to 29% of the variance in the PAEE, as measured by the doubly labeled water method in free-living conditions. In their study, the PAEE accounted for 33% of the TEE (average PAL ¼ 1.77). Therefore, the acceleration indices were expected to provide a better estimate for assessing the PAEE in active individuals. Previous studies have suggested that accelerometry output constitutes an important index for the evaluation of PAL in adults (Bouten et al., 1996) and children (Hoos et al., 2003) . However, the performance (for example, sensitivity, sampling time or accelerometry data analysis) of the accelerometer device must be accounted for. In a previous study using another type of accelerometer (Masse et al., 2004) , the contribution of the variance was less than in this study, but the level of the PAL in their subjects was 1.7 on average. An appropriate algorithm for using accelerometry signals may therefore help to minimize this error (Kumahara et al., 2004c) .
What is the importance of body size (that is, weight or fatfree mass) for predicting the TEE in such a sedentary population? As much as three-quarters of the variability in the basal EE is explained by the body weight; however, the fat-free mass is considered to be an even stronger factor. The basal EE is the largest component of the TEE in sedentary
Steps count and energy expenditure assessment H Kumahara et al individuals; indeed, the current subject's sleeping metabolic rate was a combined 68% of the TEE on average. Masse et al. (2004) showed that weight and fat-free mass could explain 34 and 42% of the variance in the TEE, respectively, which is a lower value than that seen in this study. However, their subjects were more active and the resting EE accounted for 59% of the TEE on average. The difference in the variance explained among studies may also probably depend on the level of PAL and the heterogeneity of body weight. In this study, a multiple stepwise regression analysis indicated that the variance in the TEE is mostly because of the body size and the intensity of PA (Table 4) . Indeed, the explained variance of the TEE was slightly enhanced but significantly increased (by approximately 3%) when the accelerometry variable was added after the body size. Therefore, the TEE could be mainly predicted by the body size; however, the accelerometer would still explain a meaningful fraction of the variance in the TEE, thereby confirming the results of Masse et al. (2004) . It should be noted that the absolute values of the TEE and PAEE failed to adequately assess the volume of the PA among individuals as the body mass was the most important determinant for the energy costs of PA (Ekelund et al., 2002) . However, an alternative index for quantifying the volume of the PA can conversely be computed when body size is accounted for, that is TEE adjusted for body weight or PAL values. Previous studies (Kumahara et al., 2004a,c) have suggested that the TEE could be well estimated by an accelerometer device, which integrated several input factors in combination, such as gender, age and body mass plus an estimation of the basal EE from anthropometry. This is the first study to explore the contribution of both pedometry and accelerometry for assessing EE in comparison with the criterion method using the respiratory technique over a 24-h duration in adults. In conclusion, accelerometry is thus considered to be both a more meaningful and better predictor of EE than step counts, particularly in sedentary individuals (with as a sedentary level of PAL). This study also highlights the fact that much of the variance in the PAEE and TEE could be explained by the difference in body size, that is body weight and fat-free mass remain a key factor in the assessment of EE, particularly under sedentary conditions. Recent studies interestingly reported that the intensity distribution of daily PA assessed by accelerometry more obviously explained the characteristics of ageing (Ayabe et al., 2008b) and the prevalence of overweight/obesity (Yoshioka et al., 2005) than did the use of the number of steps. On the other hand, the total number of steps per day does not provide accurate information on the EE, instead it is only a rough predictor of the general PA in terms of displacement (walking). Despite this limitation, if the overall walking activity index is the outcome to be assessed, the pedometer remains a useful and relatively low-cost instrument in comparison with the accelerometry technique. Further study is thus called for to explore whether an independent intervention effect on health consequence exists between the different targets for assessing the level of PA.
